We present a novel concept for the stabilization of the carrier-envelope offset (CEO) frequency of femtosecond pulse trains from thin-disk laser oscillators by exploiting gain depletion modulation in the active gain region. We shine a small fraction of the laser output power back onto the thin disk allowing the population inversion in the gain medium to be controlled. We employ this technique in our home-built Kerr-lens mode-locked Yb:YAG thin-disk laser and benchmark the performance against the proven technique of pump current modulation for CEO stabilization, showing that the two techniques have equivalent performance. The new method which only requires an additional AOM demonstrates a scalable and cost-effective method for CEO stabilization of high-power laser oscillators.
Introduction
In the past decade, technologies based on ultrafast thin-disk (TDL) laser oscillators have seen a steady scalability of the achieved average power into the hundreds of watts [1] , [2] and peak powers beyond 150 MW [2] . Post compression of the pulses of these oscillators down to the few-cycle regime was also demonstrated [3] , [4] which is a key parameter for several applications [5] .
As materials mature, and TDLs scale further -decrease in complexity, higher peak powers, shorter pulse durations, and their eventual frequency conversion to other spectral ranges through nonlinear processes -the necessity of controlling the features of the electromagnetic field at its fundamental level is paramount. In the case of high-field science, stabilization of the carrier-envelope phase to an abitrary value usually suffices. Spectroscopic applications relying on frequency combs [6] , [7] , however, generally require the stabilization of both the repetition rate of the system (f rep ) and carrier-envelope offset frequency (f CEO ) [8] . Control of the f rep can be done by a servo loop actuating on a cavity mirror mounted on a piezo actuator. In contrast, f CEO stabilization requires more sophisticated detection and control schemes. A coherent octave-spanning spectrum is required for the self-referenced f CEO detection in an f − 2f interferometer [8] , [9] . Short pulse durations, typically in the range of <150 fs, are needed to generate such a spectrum in highly nonlinear fibers, longer pulses resulting in a degraded coherence [10] . Reported high-power systems rely on external nonlinear pulse compression before the generation of a supercontinuum spectrum. TDLs delivering pulses below 150 fs, albeit with less output power, can directly drive this process [10] - [14] . After f CEO detection, stabilization of this parameter in TDLs has been mainly done via modulation of the pump power. This was realized either by using a dedicated electronic module (voltage-to-current converter) placed in parallel to the high current DC source for direct modulation of the pump diode [11] - [13] , or by the dichroic combination of a second low-power pump diode with fast modulation capabilities to avoid the modulation of high currents at high frequencies [15] . However, the former requires electronics which are not commercially available and the latter, besides using an in-house coated dichroic mirror, manipulates the pump beam path, which might be detrimental at high pump powers.
Another demonstrated method for CEO stabilization of TDLs employs an acousto-optic modulator (AOM) in the oscillator [3] , [16] enabling a direct modulation of the intracavity losses. This scheme proved to be power-scalable and allowed the realization of a tight CEO lock due to a large locking bandwidth of 230 kHz. In the work of Gröbmeyer et al. [16] , the AOM was used as the Kerr-lens element of the TDL and the laser output power exceeded 100 W. However, a special AOM was needed, and with the advent of more sophisticated designs for high-power TDLs [17] , the inclusion of an intracavity AOM might be hindered in the future.
Lastly, worthy of consideration for the stabilization of TDLs is the use of a semiconductor saturable absorber mirror (SESAM) as an opto-optical modulator [18] . Other methods for f CEO locking in the case of high-power TDLs have been discussed elsewhere [16] .
In this Article, we present a different scheme for the CEO stabilization of TDLs based on modulating the gain of the thin disk by illuminating it with a small fraction of the laser output power itself. In this way, the only additional needed element besides the stabilization electronics for locking f CEO is an AOM without particular requirements. We demonstrate a similar performance compared to the standard pump current modulation. Furthermore, the octave-spanning spectrum needed for the CEO beat detection is generated in a bulk medium [19] instead of using a highly-nonlinear fiber. Here, the alignment procedure is simpler and with less optical components, but relies on multi-MW peak powers to drive the process.
Experimental Setup and Results
A sketch of the experimental setup is shown in Fig. 1 . Our home-built Kerr-lens mode-locked (KLM) Yb:YAG TDL has a repetition rate of 33 MHz and uses a 3 mm fused silica plate as the Kerr-lens element and an output coupler with a transmission of 15%. The oscillator emits 0.85 μJ solitonic pulses with a duration of 275 fs centered at a wavelength of 1032 nm resulting in an average output power of 28 W. Two fractions of the laser output power are used for the detection (5.7 W) and stabilization (<3 W) of the CEO frequency. The 5.7 W are launched into a 5.6 cm-long large mode area fiber (NKT Photonics LMA-25) to produce sub-40-fs pulses after a prism compressor, with an overall efficiency of 68%. In the case of our supercontinuum spectrum generation (SCG) in YAG, the critical power for self-focusing is 1.25 MW. Although the output power of our system is sufficient to reach this level, the required average power (>12 W) leads to damage, while also substantially decreasing the useful power of the system. Therefore, we drove the process after a single compression stage, greatly reducing the needed energy for SCG and resulting in a stable supercontinuum spectrum from an undoped 4 mm thick YAG plate. The supercontinuum light is then launched into a Michelson-type f − 2f interferometer. The detected CEO beat signal has a signal-to-noise ratio of 35-40 dB at a resolution bandwidth of 100 kHz. The other fraction of the laser output power of <3 W passes through the telescope T1 to adapt the beam size to the clear apertures of an AOM (AA Opto-Electronic QCQ40-A2.5-L1064-Z42-C35Sa) and an isolator. The second telescope T2 adapts the beam for its imaging on the thin disk. The beam is then folded up to four times on the pumped region of the thin disk, exploiting the accessible solid angle. The upper panel of Fig. 1 shows the concept of the depletion beam-path, steered by six highly reflective mirrors (M1-M6), where M6 is back reflecting. The folded beam acts as a depletion channel for the ions in the upper laser level by stimulated emission. The higher the power of this beam, the stronger the depletion of the population inversion of the gain medium. Modulating the incident beam power modulates in opposite phase the gain seen by the intracavity beam. For the stabilization of the detected CEO frequency, the signal is first band-pass filtered at 10.7 MHz and amplified (MenloSystems OFD80) before being fed into a digital phase detector (MenloSystems DXD200) where it is compared in phase to a reference radio-frequency (RF) signal f ref . The resulting error signal is amplified in a proportional-integral servo controller (MenloSystems PIC201) and the feedback signal is applied either to a voltage-to-current (V-I) converter to modulate the current of the pump diode, to the AOM modulating the power of the 3 W beam shining onto the disk, or to both simultaneously. The home-designed V-I converter (same one as used in [13] , with an electrical modulation bandwidth of 1 MHz) is connected to the wavelength-stabilized 969 nm pump diode in parallel to a high DC power supply unit (PSU). A 7 Hz low-pass filter prevents cross-talk between the V-I converter and PSU [13] . The coarse control of f CEO is done via a pair of fused silica wedges, inserted at Brewester's angle into the laser cavity [20] .
Frequency Response
With this setup, the transfer function of the TDL output power was measured under different conditions using a lock-in amplifier (SRS SR865 A) as displayed in Fig. 2 . For pump power modulation applied to the laser operating in continuous-wave (CW) at the same pump power level (100 W) required for mode-locked (ML) operation, a peak arises at 43 kHz in the amplitude of the transfer function, which results from the laser relaxation frequency. A similar measurement for the modulation of the depletion beam to the laser operating in CW has not been performed. Different spatial properties (M 2 , waist, divergence) of the laser beam between CW and ML operations would have required an adaptation of the design of the imaging telescopes and beamline, which was optimized for the pulsed case. The transfer function for the pulsed 3 W control beam after passing through the AOM can be seen in dashed grey. In ML operation, the phase shift achieved for pump power modulation (with the V-I converter) is indistinguishable from that obtained for a modulation of the external beam sent onto the thin disk, both leading to a phase shift of −90°at 10 kHz ( Fig. 2(b) ). The absolute phase achieved for a modulation of the depletion beam is offset by 180°c ompared to the case of pump power modulation, but this offset was removed in the graph for a better visualization of the overlap. Furthermore, the magnitude of the change of f CEO with the power of the controlling laser beam was measured to be 430 kHz/W at low modulation frequencies for a single pass. The 3 W laser output power used to implement the depletion modulation (reduced to an effective power of 1.5 W at the initial operating point of 50% diffraction efficiency of the AOM) provides a high tuning range to acquire the lock and ensure its proper long-term operation. The measured tuning coefficient depends on several factors including the overlap of the control beam in the gain region. Modulating the laser output using both techniques, the V-I converter and the AOM, with similar conditions, resulted in the same frequency response and bandwidth ( Fig. 2 yellow dash-dot). No perturbation of the mode-locking operation was observed when the modulating beam was shone on the thin disk. Furthermore we expect that the relative intensity noise of the laser output to not be increased by the control beam. The relative power difference of two orders of magnitude between the control and intracavity beams means that the noise is dominated by the intracavity power. In addition, we expect the control beam to have a counteraction effect onto the laser intensity noise for frequencies lower than 10 kHz (as the gain is reduced for an increasing amplitude of the control beam, lowering gain and laser output power). For higher frequencies, the low-pass behaviour of the laser system further attenuates the noise by more than 10 dB.
Actively manipulating the optical power of an auxiliary CW laser interacting with the gain medium to control the intracavity power of a mode-locked laser and subsequently the CEO frequency was previously demonstrated by two different approaches leading to an enhanced modulation bandwidth that circumvented the limitation of gain modulation [21] , [22] , usually attributed to the upperstate lifetime of the laser transition. However, in closer inspection, the system using the co-doped Er:Yb:glass gain medium [21] has a very distinct pumping scheme where the bandwidth enhancement was achieved by bypassing the relatively slow energy transfer between the Yb and Er ions. In the case of the cross-gain modulation of a fiber laser [22] , the very different cavity dynamics and parameters do not allow for a clear comparison with our system. Following the derivations presented by Matos and co-workers [23] , it appears that the laser needs to operate by far above threshold and the field of the modulation beam should be comparable to the intracavity field to achieve an enhancement of the control bandwidth. The derivation of a model describing the depletion modulation is presented in the Appendix. One of the important terms describing the two pole transfer function of Eq. (4) is the pump parameter r defined as:
where T R is the cavity roundtrip time and τ L the upperstate lifetime. The saturation energy of the system is E sat , δ = ε mod /E pulse is the ratio between the energies of the modulation light and the intracavity pulse. The modeled laser response under depletion modulation shows an excellent agreement with the experimental transfer functions as shown in Fig. 3 . A fit to the experimental data obtained for pump modulation was first performed with the function derived in Ref. [23] to determine the terms related to the saturable absorber. When using all parameters in the newly derived Eq. (4) for depletion modulation, one notices that it does not provide any enhancement of the modulation bandwidth in the present configuration, while perfectly matching the experimental points. The poles of Eq. (4) are highly affected by the variable r and δ that are paramount for an increase of the effective modulation bandwidth of the system. Due to the high saturation energy of thin-disk lasers, it is challenging to achieve values of r in the range of tens or even hundreds, which can be the case for fiber lasers. One must also take into account that the saturable losses can change drastically for different mode-locking schemes and also strongly influence the position of the poles [11] . A general rule of thumb is that a bandwidth increase requires high values of r , where the effects of are enlarged, also reducing the need of a high-energy content in the modulation beam. The unpractical scaling of δ would be the second way of improving the control capabilities. The laser reported here was run solely at an r ∼ 2, explaining why the observed depletion modulation bandwidth does not differ from the measured pump modulation bandwidth as this is the lowest bound for the control bandwidth of a depletion channel. Another argument supporting the measured bandwidth lies in the energy structure of Yb:YAG [24] . Modulating the zero-phonon pump line or the lasing transition affects the same energy level (depending on the inversion value). Note that the transfer function of the depletion beam power (Fig. 2(a) dashed grey) also shows that the bandwidth is not limited by the electronics or the AOM. An investigation of the effect of the number of depletion passes on the disk was also performed. The ratio between the modulation amplitude of the laser output power at 100 Hz for four and two passes on the thin disk for different control powers up to 3 W stayed constant at the value of 2. As expected from a TDL, no saturation effect was observed. This also shows that the modulation depth for a given (low) incident power increases linearly with the number of passes. Based on Fig. 4 . Performance of the free-running and f CEO locked TDL. In (a), the FN PSD of the free-running (grey dotted) beat signal is accompanied by the FN PSD of the system locked by pump control (red solid), by control of the depletion (3 W, four passes, solid blue), and for both methods simultaneously applied (yellow dash-dotted). The inset depicts an enlarged view of the free-running noise to show the 6.7 kHz peak and its harmonics, the covered range is highlighted by a shade on the x-axis of the main plot. In (b) the integrated phase noise (IPN) is shown for the three locked cases with the same color code as in (a). The IPN is 1.6 rad, 1.4 rad and 1.5 rad for pump modulation, depletion modulation and both applied simultaneously, respectively (integrated from 100 Hz to 500 kHz). (c) depicts a time series spectrogram of the locked f CEO via the depletion method. The RF resolution bandwidth is 3 Hz. In (d) RF distribution cuts at t = 1.5 min (solid blue) and t = 8 min (dashed red), both marked in the spectrogram via colored dotted lines. the extensive work showing the close relationship between laser output modulation and f CEO modulation (e.g. Fig. 11 of the work by Emaury and co-workers shows a 1:1 relationship [11] ), we expect the increase of amplitude to also be linearly transferred to the f CEO modulation. This property enables this method to be implemented even with a low power of the control beam, to maximize the useful laser output power or when using an un-optimized AOM with a low diffraction efficiency. Additionally, a parallelization of the scheme can be envisaged, using more than one modulated beam if the required modulation power is larger than the damage threshold of a single AOM. In any case, the typical response time of the stabilization is considerably longer than any delays that a parallel approach might entail, meaning that the correspondingly induced phase shifts would be negligible for arbitrary ( μs) arrival delays of the different beams.
Free-Running Noise and Locked Performance
The frequency noise power spectral density (FN PSD) of the detected f CEO in free-running and locked operation is depicted in Fig. 4(a) . All FN PSD measurements were obtained following the method described in Ref. [15] . The inset of Fig. 4 displays the measured free-running noise at higher resolution in the frequency range between 5 kHz and 39 kHz. It shows a strong noise peak at 6.7 kHz and its 5th harmonic is still above the β-separation line [25] , meaning that a feedback bandwidth of >30 kHz would be needed to achieve a tight CEO lock. This peak and its harmonics seem to be observed in several TDLs reported in the literature -they are present in a Yb:CALGO TDL system [11] and in a Yb:LuO TDL [13] . Similar peaks can also be observed in the stabilized CEO signal in Ref. [16] , and although harmonics are barely distinguishable in the results reported in [3] , [15] , there is a pronounced contribution to the integrated phase noise at ∼7 kHz. We did not investigate the origin of these noise peaks, however it was previously suggested that they might arise from the power supply of the pump diode, as they are clearly visible in its relative intensity noise [11] . Moreover, by stabilization of the laser average power -via a low-frequency (<5 kHz) feedback loop acting on the PSU -the frequency fluctuations of f CEO were simultaneously reduced, but a low-frequency drift was observed, with frequency excursions of >2 MHz that followed the temperature of the cooling water applied to the thin disk with a slope of 3.4 MHz/K. Consequently, measures were taken to stabilize the water temperature to within 50 mK via a home-built thermo-electrically-cooled chamber. Additionally, the flow of the cooling water was reduced to 1.2 L/min while using a water cooler whose pump seems to display lower mechanical noise (Huber Minichiller 300). Before these changes no locking of f CEO was possible. Despite these improvements, our system still remains noisier than other TDLs reported in the literature. Maybe lower water flows/pressure would help further, but we did not decrease the water flow past this point to avoid potential damage of the disk.
The achieved frequency noise in locked operation is very similar for all investigated feedback methods and a coherent peak was observed in the spectrum of f CEO but with a limited relative power. The noise occurring in the frequency range of 10 kHz to 40 kHz remains above the βseparation line [25] and has the largest contribution to the integrated phase noise (IPN) as shown in Fig. 4(b) . The small differences in IPN observed between the three locking concepts is not representative of a real difference between the methods, but result instead from small differences in the operation conditions of the TDL at the time of these measurements. Despite these fluctuations, the IPN lies consistently around 1.5 rad, corresponding to a relative power in the coherent peak in the range of 10%. With the depletion control using a 3 W beam with four passes on the disk, it was possible to maintain a stable lock for longer than 40 min, with an exemplifying spectrogram shown in Fig. 4 (c) and in (d) two cuts (at times t = 1.5 min and t = 8 min). These serve to show how the changing free-running noise also influences the locking. In the f CEO -locked state a decrease in amplitude noise of the system has been observed [13] , [16] .
We compare the present results with those reported for a Yb:LuO TDL using the same V-I converter, where a sub-radian IPN was achieved [13] . A similar low IPN should be achievable by applying the depletion technique to this Yb:LuO system. The reduced locking performance obtained with our laser results from its higher free-running noise. Achieving a lower IPN in our laser would require a reduction of its initial (free-running) noise, but can be further improved with the use of a phase-lead filter in the stabilization loop [15] and/or an active f − 2f interferometer [26] . Low sub-radian IPNs might then be reached.
In the case of this particular locking scheme, in order to improve the locking times and/or performance a slow feedback loop offering a broader tuning range can be added to the system to prevent saturation of the integral term or equivalent pulling range of the feedback.
Lastly, as systems approach half a gigawatt of peak power and pulse durations of a few cycles, locking f CEO to zero is also a desirable feature as it leads to emitted pulses with an identical electrical field distribution. With the f CEO detection scheme used here, an AOM could be used to frequencyshift the 5.7 W beam launched into the compressor in order to lock the CEO frequency of the main laser output beam to zero [27] . Oscillators driving high-harmonic generation similarly to [28] , [29] could then produce isolated attosecond pulses (using appropriate schemes) for attosecond streaking experiments [30] .
Conclusion
In conclusion, we presented a new scheme for the f CEO stabilization of TDLs and a theoretical model predicting the frequency response of the system. The method uses the large solid angle through which the gain region of a thin disk can be accessed to shine a modulated fraction of the laser output power itself. This pushes the required components beyond the detection electronics and amplifiers to solely an AOM. The modulated beam drives stimulated emission and partially depletes the inversion of the gain medium, effectively transferring the modulation to the intracavity pulse power. This self-contained technique for f CEO locking is equivalent to pump modulation in terms of achievable modulation bandwidth. This constitutes the proof of principle of an alternative locking scheme capable of similar performance as pump modulation, e.g., to yield sub-radian IPNs for systems displaying low enough noise figures in free-running mode.
Appendix
In our model, Eq. (15) of reference [23] is modified by adding the energy ε of the auxiliary modulated beam shining onto the gain medium as follows:
where g is the time dependent gain with g 0 the small signal gain, and E represents the energy of the intracavity pulse. The time coordinate is represented by T to emphasize the fact that the changes occur over timescales much larger than the roundtrip time, possible for solid-state lasers with long upperstate lifetimes. After linearisation, an equation of the form of Eq. (17) in Ref. [23] is obtained (neglecting the pump modulation term):
The symbol indicates the new linearized variables. Algebric manipulations were done following the guidelines presented in Ref. [23] to derive a model for the response of the system to a modulated depletion energy ε:
where the tilde symbol represents the variables in Laplace space and s is the Laplace complex frequency. The steady state effective saturable absorber loss due to mode-locking is q s and ∂q/∂E s is its first derivative as a function of energy at the steady state. Lastly, l represents the system losses.
